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THERMOPHYSICAL  PROPERTIES  OF  MIXTURES  OF  NATURAL  GAS 
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Chemical  Science  and  Technology  Laboratory 
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We  have  prepared  a bibliography  of  references  to  experimental  data  for 
thermophysical  properties  of  mixtures  of  natural  gas  components.  The  bibliography  is 
based  on  a search  of  Chemical  Abstracts  citations  from  January  1980  to  May  1998.  The 
search  includes  mixtures  containing  methane,  ethane,  propane,  isobutane,  n-butane, 
isopentane,  n-pentane,  hydrogen,  nitrogen,  carbon  monoxide,  carbon  dioxide,  or  water. 
The  physical  properties  searched  were  phase  equilibria,  volumetric,  and  calorimetric 
properties,  viscosity,  and  thermal  conductivity.  The  properties  are  organized  in  five 
sections,  each  with  a self-contained  list  of  references. 

Key  words:  bibliography;  calorimetric;  hydrocarbon;  methane;  mixture;  natural  gas; 
phase  equilibria;  thermal  conductivity;  viscosity;  volumetric 


1.  Introduction 

1.1  Objective 

The  purpose  of  this  bibliography  is  to  provide  design  engineers,  data  analysts,  and  experimentalists 
with  a complete  reference  compilation  to  currently  available  data  for  experimental  thermophysical 
properties  of  mixtures  of  natural  gas  components. 

1.2  Scope 

This  bibliography  includes  references  to  experimental  data  for  phase  equilibria,  volumetric,  and 
calorimetric  properties,  viscosity,  and  thermal  conductivity.  Only  articles  containing  original 
experimental  data  are  referenced  in  each  category.  Articles  containing  only  derived  property  values  are 
excluded.  The  mixtures  considered  contain  methane,  ethane,  propane,  isobutane,  normal  butane, 
isopentane,  normal  pentane,  hydrogen,  nitrogen,  carbon  monoxide,  carbon  dioxide,  or  water.  Mixtures 
containing  each  hydrocarbon  with  at  least  one  other  hydrocarbon  were  searched  first.  Mixtures 
containing  each  hydrocarbon  with  at  least  one  nonhydrocarbon  were  searched  second.  Every  attempt  was 
made  to  ensure  that  all  references  published  between  January  1980  and  May  1998  have  been  included. 


The  present  work  supplements  and  updates  two  extensive  bibliographies  [1,2]  prepared  previously 
in  the  NBS/NIST  laboratories.  Combined,  the  previous  editions  included  references  published  between 
1870  and  January  1980.  They  covered  an  extensive  list  of  gas  mixtures,  including  natural  gases  and  light 
gases  such  as  helium-3,  helium-4,  deuterium,  hydrogen  deuteride,  oxygen,  fluorine,  argon,  krypton, 
xenon,  and  hydrogen  sulfide.  A list  of  eight  categories  of  experimental  data  were  included  in  the  earlier 
editions,  including  vapor-liquid,  solid-vapor,  solid-liquid,  gas-gas,  gas  hydrate,  and  liquid-liquid 
equilibria.  This  edition  drops  all  phase  equilibria  except  vapor-liquid  equilibria  and  adds  the  categories  of 
viscosity  and  thermal  conductivity. 

In  addition  to  Chemical  Abstracts  citations,  other  references  were  taken  from  the  Ph.D.  dissertation 
of  E.  W.  Lemmon  [3].  This  work  describes  a mixture  model  based  on  the  Helmholtz  energy  for  natural 
gas  mixtures  and  gives  comparisons  to  the  experimental  data.  Additional  volumetric  data  for  the  binary 
constituents  of  natural  gas  systems  can  be  found  in  a Groupe  Europeen  de  Recherches  Gazieres  (The 
European  Gas  Research  Group  or  GERG)  monograph  [4]  which  contains  several  thousand  data  points. 

1.3  Organization 

The  bibliography  is  arranged  in  five  sections  by  thermophysical  property.  Each  section  is 
independent  and  contains  a list  of  references  alphabetized  by  author.  Information  on  the  temperature 
range,  the  pressure  range,  and  the  composition  range  are  given  where  appropriate. 

1.4  References 

[1]  Hiza,  M.  J.;  Kidnay,  A.  J.;  Miller,  R.  C.  Equilibrium  Properties  of  Fluid  Mixtures:  A Bibliography  of 
Data  on  Fluids  of  Cryogenic  Interest.  New  York:  Plenum  Press;  1975. 

[2]  Hiza,  M.  J.;  Kidnay,  A.  J.;  Miller,  R.  C.  Equilibrium  Properties  of  Fluid  Mixtures-2:  A Bibliography 
of  Experimental  Data  on  Selected  Fluids.  New  York:  Plenum  Press;  1982. 

[3]  Lemmon,  E.  W.  A Generalized  Model  for  the  Prediction  of  the  Thermodynamic  Properties  of 
Mixtures  Including  Vapor-Liquid  Equilibrium.  Ph.D.  Dissertation.  University  of  Idaho;  1996. 

[4]  Jaeschke,  M;  Humphreys,  A.  E.  The  GERG  Databank  of  High  Accuracy  Compressibility  Factor 
Measurements.  GERG  Technical  Monograph  4;  1990. 


2 


2.  Experimental  Properties 
2.1  PHASE  EQUILIBRIA 


•■.**,  ’ *■  ' ■ ' 


•■  ' - 

■ '■  ' ■■  ■■  ''  'V' 


, i 

vvN.ui 


^ , 

■'  ■' ■ ; . ' ‘rv-''. 


- ■■  ' ' 


-:^v 


-i.Vif , •■■ri;-'ii;5l  ■•'i\4fJ>''^': : 


v.  ,f*^v  .*v  <\f  .-  -yA^.  > 


■■) 


i'  fl 


^ ' ^«;S;  ■■■"!  •hti^>i'h^^,'\-;.i  ;;\i%t'^*A. 

>-  i 


\ 


. • ;.iU  *■'  1 n.'..vU 

) 

^*JL^:i./W!  •;*. 


4^:^-  V'<  ' ■ ' -'ll*.  ^ 

?'. 


■X 


:^ij>ii^\  in  t(  fjk'  'iiii' 


i’iVi 


:'  -•  -■  ■'. ;vl>  ■*■ 


y&ii! ^:r(^g;y^- ’ ^ 


>'■  -'S:  <?^Vv,;,;:^;,.;%f#’'--- 


■ ,ti  ' >,'i^'^*:  -f  ■ 


j . -SI'- 


•'>r 


■ ■ . '■  ■ ..  /y  ^’■- 

•)>:  i:^K'x:  ^n>A,dU  ' 1}^XK)''-'^).  A.  4 


^,  r.' 


'•V  . ;;  . 4 / - -'' 

,■ . ; f ru€  ■ f-wM 


-Wt" 


'■^,- 


-v^'  ■',  .;::  '.'■'ii?'^ 


/\  • ‘ ■< 
’■•  " _<:; 


CZ2 


< 

S _ 

» u 

j H 

H c/5 

S > 

M >1 
M PS 

g :< 

z 

M M 

S « 

Pm 


C/l 

X) 

c3 

-*-* 

ca 

•o 

K! 


3 

O" 

<u 

0) 

c/2 

« 

X 

o. 


u 

Q 


X 

3 

H 


ON 

00 

ON 

TD 

C 

cd 

■0 

c 

cd 

m 

00 

o^ 

3 

3 

•o 

2 

aSJ 

(D 

>0 

00 

ON 

jJ' 

0) 

-0 

ON 

00 

ON 

ON 

o^ 

o^ 

3 

”0 

C/5 

C/5 

cd 

>- 

3 

X 

00 

c/5 

C/5 

Cd 

Ua 

Cd 

c 

cd 

bn 

JJ 

00 

ON 

00 

c 

■0 

•0 

0 

5aS 

ON 

■o' 

_o 

"O 

c 

M. 

REFERENCE 

(U 

"O 

3 

3 , — , 

4 

3 ^ 

C/0 

cd 

TD 

remer  (1982) 

X 

c/2 

•o 

c 

ca 

3" 

P 

_c 

remer  (1982) 

3 

« 

c/T 

X 

3 

P 

CU 

> 

3 

3 

o" 

3 

_o 

C/2 

c" 

0 

L. 

remer  (1982) 

« 3- 
> 00 

3 S 

:z  --- 

r.  l- 

« .SP 

'n  N 

Cu 

3 'S 

T3 

3 

3 

CO 

X 

3 

P 

lU 

> 

3 

CO 

X 

3 

P 

-a 

3 

3 

3 

X 

0 

3 3- 
> 00 

■3  2: 

r2  ^ 

jv  a> 

^ .5P 

'n  n 
•73  3- 

3 ‘S 

rown,  Niesen, 
idnay  (1989) 

"O 

c 

cd 

c/5 

Cd 

C 

Cd 

00 

T3 

C 

Cd 

cd 

td 

.-2 

f* 

P 

CQ 

p p 

P 

P P 

QQ  P 

S 

C/!) 

cC 

ai 

On 

P 

x 

rl 

x 

m 

(N 

CNj 

X 

00 

p 

(N 

ON 

X 

X 

(N 

ON 

XN 

S M 

O 

0 

0 

P 

0 

0 

0 

P 

CNl 

0 

0 

CN 

0 

0 

•M-* 

0 

0 

•♦k 

H-* 

0 

C/2  O 

IT) 

(N 

ON 

ON 

00 

■k^ 

X 

NO 

z 

Q, 

■3' 

X 

0 

0. 

<N 

0 

(N 

rn 

2 <■ 

O 

0 

0 

P 

0 

0 

0 

P 

P 

0 

0 

0 

tu 

OS 

p 

O 

m 

rsi 

0 

m 

CN 

0 

0 

0 

p ^ 

cn 

Csl 

m 

00 

— 4 

00 

1-^ 

< uS 

OS  Q 

• — ' 

CN 

' — ' 

m 

' — 1 

m 

m 

m 

m 

o 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

•4— » 

pa* 

■k-* 

>-* 

■4—* 

*4—4 

■4k 

■<— * 

•b-» 

•Hat 

W 7 

o 

m 

0 

r- 

0 

0 

00 

ON 

0 

0 

ON 

(N 

(N 

(N 

(N 

00 

4—4 

to 

m 

2 2 

PJ  ^ 

rNi 

m 

(M 

CM 

m 

m 

p 

c/2 

oS  P 

S z: 

<N 

0 

(N 

rn 

X 

C" 

0 

<N 

m 

<r\ 

1-^ 

m 

(N 

«— 1 

XN 

m 

m 

in 

to 

m 

XN 

S2 

2 lx 

2 o 

(D 

r™ 

<U 

0 

<u 

(U 

a> 

0 

0 

<L> 

<L) 

3 

3 

c 

c 

c 

cd 

0) 

Pa 

c3 

-C 

a> 

CJ 

<u 

(U 

3 

c 

3 

3 

3 

cd 

cd 

cd 

c 

cd 

■5 

3 

3 

X 

3 

3 

X 

3 

a. 

0 

cd 

CL 

0 

3 

O. 

0 

•4k 

3 

°? 

■4k 

3 

PQ 

3 

ca 

3 

CQ 

3 

OQ 

5 

2 

2 

i2 

IP 

ip 

k- 

0- 

Urn 

pH 

bn 

P- 

3 

4 

3 

c 

c 

1 

c 

w 

e 

c 

a 

3 

s 

3 

c 

3 

3 

3 

c 

c 

c 

0) 

u 

V 

U 

a> 

<U 

<D 

(U 

0 

0 

a> 

0 

0) 

p 

(50 

00 

OX) 

00 

00 

00 

00 

00 

00 

00 

00 

OX) 

CJ) 

c/2 

o 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

>- 

u, 

Ua 

k. 

k. 

ka 

k. 

k. 

k- 

Ua 

ba 

ba 

+-* 

k- * 

4—* 

-4—* 

•4—^ 

■*—* 

■Hat 

•02 

-4-^ 

c/2 

p 

Z 

z 

Z 

z 

Z 

z 

z 

z 

Z 

z 

z 

z 

./ 


PHASE  EQUILIBRIA 
BINARY  SYSTEMS 


u 

z 


UJ 

u 

b 


S 


c 

C3 

o 

c/2 

t3 

cd 

c 

"O 


cd  m 
c/3  oo 
os 


< O 


oo 

oo 


OS 


c 

cd 

_o 

C/3 

■o 

c5 

cd 

c 

•o 

3 

c 

o 

D3 


os 

OS 


oo 

oo 

OS 


•O 

cd 

lU 

'4—* 

C/3 

•o 

c 

cd 

-2 

U 


(U 

> 

o 

2 

o 

s 

-a 

c 

cd 

a 

-a 

o 

o 

O 


<u 

00 

O 

_s 

Os 

'n 

a^ 

.£• 

w 

'S 

■*— * 

-a 

3 

3 

.£ 

C(f 

o^ 

00 

oo 

oo 

(U 

X 

c 

o 

a^ 

o^ 

CQ 

N.^ 

cd  / — ^ 

c 

c 

to 

<u 

(U 

o 

D 

(~i  ®® 

c/2 

JD 

-D 

c/2 

S OS 

< o 

a> 

Z 

0) 

0) 

a> 

Z 

-a 

c 

Cd 

00 

o 

"o 

N 

N 

O 

T3 

C 

E Os 
C oo 

o OS 
U-,  —I 

o ^ 
T3  c 

o o 
N O 
O O 
Qh  C/5 


' Os 

00 

Os 


•T3 

c 

Cd 


r 

o 

O 


a> 

d. 


r- 

oo 

os 


• M ^ 

<U  3 


03 

ai 

S “ 

c/3  O 

UJ  Z 
a: 
ci- 


oo 

o 


so 

Os 

00 

rn 

so 

r- 

•3^ 

oo 

CJ 

o 

so 

m 

O 

(N 

O 

O 

+-4 

so 

O 

o 

o 

od 

o 

oo’ 

o 

o 

o 

O 

SO 

■4—4 

■4—4 

•4-4 

os 

o 

CL 

o. 

CL 

d. 

Cl 

D. 

Q. 

<N 

<d 

(d 

D 

D 

Z 

D 

D 

D 

o 

o 

r- 

O 

so 

ON 

00 

r~ 

(Os 

ON 

ON 

OS 

iTi 

.—1 

(N 

<N 

Ol 

m 

m 

m 

m 

r4i 

O 

o 

o 

o 

o 

o 

o 

O 

O 

o 

O 

-4-^ 

■4— > 

•4— > 

44— » 

OS 

r- 

O 

o 

o 

00 

(N 

o 

SO 

00 

«— — 

r- 

CM 

(N 

(N 

(N 

CN 

m 

rn 

(N 

(N 

T3 

a> 

3 


C 

O 

o 


_o 

cd 

H 


c/3 

H 

z 

o 

0- 

IJU 

O 


(N 

m 


so  m <N  (Os 

c<-i  ^ m oo 

— <N 


O OS 

OS  SO 


r-  (OS  o 

ITS  o ^ 


00 

00 


O 

3 

3 

-3 

(U 

(U 

d) 

(U 

3 

(U 

3 

o 

3 

3 

<u 

3 

3 

(U 

3 

3 

(U 

3 

3 

u 

3 

3 

3 

3 

3 

3 

3 

3 

3 

D- 

3 

CL 

3 

X) 

-4—4 

3 

■4—4 

3 

3 

3 

d) 

"S 

J= 

X 

X 

O 

o 

o 

CQ 

CQ 

QQ 

CU 

-4-4 

w 

w 

■4—4 

PJ 

s- 

P- 

u> 

CU 

c/5 

3 

3 

1 

3 

1 

3 

(U 

o 

(U 

0) 

(U 

<u 

(U 

(U 

6 

(i) 

(U 

-g 

g 

g 

g 

g 

g 

g 

g 

■o 

g 

g 

’>< 

‘x 

’>< 

’>< 

’>< 

■>< 

’>< 

w 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

H 

C/D 

Q 

Q 

Q 

Q 

a 

Q 

Q 

Q 

Q 

G 

Q 

>- 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

O 

O 

O 

O 

O 

O 

O 

O 

O 

O 

O 

C/D 

X) 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

U 

u 

u 

U 

u 

U 

U 

U 

U 

U 

u 

so 


<u 

c 

3 

•4-^ 

c 

(U 

d, 

I 

(6 

3 

Cd 

x: 

-4-4 

<u 


6 


PHASE  EQUILIBRIA 
BINARY  SYSTEMS 


■o 

a> 

3 

_C 

e 

o 

o 


c3 

H 


UQ 

U 

z 

s 

Ui 

b 

s 


a 

s 

c/n  O 

S 

a. 


u 

O 

Z 

< 

Qi 


c/5 

H 

z 

o 

cu, 

U-, 

O 


w 

c/5 

c/5 


OO 

oo 

ON 


C 

o 

c/5 

TS 

C 

3 

O 

c 

— 

pa 


CN 

O 

o. 

D 


NO 

m 

m 

VO 

VO 

fN 

m 

m 

o 

O 

o 

■4—* 

m 

ON 

O 

o 

m 

m 

c 

3 

O, 

P 


OO 

ON 


_o  o 


■o 

c 

3 

■*-* 

O 


cri 

O 

■4—* 

Cu 

D 


a» 

c 

cs 

3 

CQ 


tu 


oo 

ON 


-3 

o 

"O 


(U 

c 

3 

k. 

u 

CQ 


O 

o. 

D 


ON 

(N 


a> 

c 

3 

3 

CQ 


(U 

c 

3 

Q. 

O 


7 


PHASE  EQUILIBRIA 
TERNARY  SYSTEMS 


w 

u 

2 

u 

u. 

u 

b 

S 


X 

3 

3 

V 

■3‘ 

•3- 

■3- 

r- 

r~- 

OO 

OO 

OO 

3 

c 

oo 

oo 

OS 

OS 

OS 

X 

X 

VO 

o^ 

OS 

00 

o 

o 

oo 

— 

oo 

2 

2 

m 

ON 

0\ 

3 

3 

3 

oo 

c 

c 

X 

X 

X 

-o 

•o 

o^ 

x: 

o 

O 

O 

3 

3 

— 

c 

o 

o 

D- 

2 

2 

2 

3 

3 

o 

;2 

12 

o. 

~a 

■o 

33 

t/T 

c/T 

a. 

Cu 

.s 

-o 

c 

ca 

■a 

c 

3 

C 

c 

3 

3 

3 

3 

3 

X 

3 

2 

X 

3 

2 

C3 

IS 

o 

"D 

c/T 

c/T 

c/T 

0^ 

(yT 

c/T 

c 

Xi 

X 

X 

lU 

<u 

xs 

C3 

3 

3 

3 

> 

> 

c 

3 

3 

2 

2 

2 

3 

3 

cd 

c 

c« 

OX) 

-J 

Ij 

2 ^ 

2 ^ 

u 

0) 

iT 

> 

(U 

> 

cu 

Q. 

£ 

£ 

£ 

Chen, 

(1989 

Chen, 

(1989 

E 

(L> 

Urn 

CO 

3 

3 

hJ 

C3 

H 

0) 

0> 

O 

*S 

CS 


o 

X 

2 

ir> 

3' 

(N 

O 

o 

o 

O 

o 

o. 

a. 

D. 

Cu 

Q. 

D 

D 

D 

D 

c/5 

w z 
^ o 

^ cu 
2 u- 
2 O 


CN 

o 


r' 

o 


Q\ 

00 


r'- 

(N 


T3 

(U 

3 

_C 

n 

o 

o 


X5 

ca 

H 


<u 

c 

(L> 

3 

3 

a> 

3 

3 

o 

3 

3 

<U 

c 

cd 

c 

<u 

3 

3 

X 

o 

3 

3 

2 

<u 

3 

cd 

D. 

2 

3 

<D 

a> 

<U 

3 

UC 

O 

O 

m 

CU 

X 

X 

3 

UJ 

u. 

2 

Ui 

2 

1 

3 

c 

1 

3 

3 

CQ 

1 

0) 

u 

<u 

tu 

(U 

i 

O 

3 

'1^ 

a 

3 

3 

3 

c 

3 

3 

i 

2 

cd 

3 

3 

3 

cd 

3 

3 

2 

X 

X 

X 

X 

X 

3 

2 

'S 

o 

O 

o 

O 

o 

X 

00 

>- 

CO 

s 

S 

s 

2 

2 

3 

3 

c 

3 

c 

c 

c 

3 

O 

O 

<u 

O 

a> 

<D 

D 

<U 

00 

00 

00 

00 

OX) 

DO 

DX) 

00 

o 

o 

o 

o 

o 

O 

O 

o 

u. 

u> 

u. 

La 

La 

La 

Urn 

u 

•L-* 

2 

2 

2 

2 

2 

2 

2 

2 

8 


c 

D 


00 

o 


2 

<u 

c 

<a 


OJ 

I 

0) 

"O 

■>? 

o 

c 

o 

s 


o 

-D 

ca 


U 


c 

u 

00 

o 

-o 


X 


<u 

c 

ca 


I 

’>< 

o 

Q 


c 

o 

X) 

b- 

ca 

U 


Carbon  Dioxide-Methane-n-Butane  30  274  to  333  Up  to  36  Pan,  Yang  and  Guo  (1995) 


PHASE  EQUILIBRIA 
TERNARY  SYSTEMS 


i 


w 

u 

z 

w 

ai 

UJ 

Uh 

uu 


T3 


^ V 

c 

m 

c3 

Os 

ON 

£ 

c/T 

c 

o 

c/3 

c 

T3 

C 

cd 

J= 

cd 

U- 

oo 

00 

On 

2 

a 

1 

cd 

X 

"O 

o' 

^ S' 

c/1 

a 

a. 

CL 

C3 

*5 

on 

5 

(S  ON 

o 2; 

C3  ON 

C 

(U 

r-"  ^ 

o ^ ^ 

"O 

c 

C 

o 

•1  ° 

oa  o 

CC 

o 

c3  c/i 

r-"  2P 

2 

rs 
* c 

:3 

o 

00 

fc™ 

as  -O 

00  JO 

2 ‘n 
ro  o. 

1) 

Cl 

Cl 

c3 

cd 

as  O 

Lw  • 

03 

Q 

Z a: 

C3 

Oh  hJ 

Urn 

UJ 

Z 

C/5 

c/5 

S 

a. 


c3 

&- 

2 

UJ 

O 

Z 

< 

D:; 


o 

o 

Q. 

;d 


(N 


O 

o. 


D 


<N 

o 

Q. 

D 


o 

o 

Q. 


UJ 

Di 

D 

H 

< 

Ds: 

UJ 

a, 

til 

H 


tJQ 

O 

z 


m 

(N 

O 

r«-i 

05 

CN 


r<l 


to 

04 

O 


o 

o 

fN 


Qi 

U 

m 

S 

D 

Z 


c/5 

f- 

z 

o 

Oh 

Cju 

o 


ON 

NO 


(ON 


(U 

c 

as 

0 

05 

Q 

1 

c 

t 

a> 

r* 

s 

4-1 

m 

I 

I 

O 

"2 

o 

Q 


o 

JO 

s- 

C3 

U 


NO 

m 


a> 

c 

a> 

CL 

c 

o 

03 

u. 

Cl 

0- 

O 

u. 

a> 

Ch 

c 

<u 

C3 

c 

03 

x: 

UJ 

c 

CQ 

-C 

(U 

c 

C3 

_C 

05  qj 


9 


Bibliography  - Phase  Equilibria 


Acosta,  J.  C.,  Hevla,  E.;  Leipziger,  S.  Dew  and  bubble  point  measurements  for  carbon  dioxide-propane 
mixtures.  J.  Chem.  Eng.  Data  29:  304-309;  1984. 


Al-Sahhaf,  T.  A.;  Kidnay,  A.  J;  Sloan,  E.  D.  Liquid  + vapor  equilibria  in  the  N2  + CO2  + CH4  system. 
Ind.  Eng.  Chem.  Fundam.  22:  372-380;  1983. 

Beranek,  P.;  Wichterle,  I.  Vapour-liquid  equilibria  in  the  propane-n-butane  system  at  high  pressures. 

Fluid  Phase  Equilib.  6(3):  279-282;  1981. 

Blanc,  C.  J.;  Settler,  J.  B.  Vapor-liquid  equilibria  for  the  ethane-propane  system  at  low  temperature. 
J.  Chem.  Eng.  Data  33:  111-115;  1988. 


Brown,  T.  S.;  Kidnay,  A.  J.;  Sloan,  E.  D.  Vapor-liquid  equilibria  in  the  carbon  dioxide-ethane  system. 
Fluid  Phase  Equilib.  40:  169-184;  1988. 


Brown,  T.  S.;  Niesen,  V.  G.;  Sloan,  E.  D.;  Kidnay,  A.  J.  Vapor-liquid  equilibria  for  the  binary  systems  of 
nitrogen,  carbon  dioxide,  and  n-butane  at  temperatures  from  220  to  344  K.  Fluid  Phase  Equilib. 
53:  7-14;  1989. 


Brown,  T.  S.;  Sloan,  E.  D.;  Kidnay,  A.  J.  Vapor-liquid  equilibria  in  the  nitrogen  + carbon  dioxide  + 
ethane  system.  Fluid  Phase  Equilib.  51:  299-313;  1989. 

Chen,  W.  L.;  Llave,  F.  M.;  Luks,  K.  D.;  Kohn,  J.  P.  Three-phase  liquid-liquid-vapor  equilibria  in  the 
nitrogen  + ethane  + n-butane  system,  169  to  192K,  up  to  5.1  MPa.  J.  Chem.  Eng.  Data  34(2): 
233-235;  1989. 

Chen,  W.  L.;  Luks,  K.  D.;  Kohn,  J.  P.  Three-phase  liquid-liquid-vapor  equilibria  in  the  nitrogen  + 
methane  + n-heptane  system.  J.  Chem.  Eng.  Data.  34(3):  312-14;  1989. 

Cheng,  H.;  Pozo  de  Fernandez,  M.  E.;  Zollweg,  J.  A.;  Street,  W.  B.  Vapor-liquid  equilibrium  in  the 
system  carbon  dioxide  + n-pentane  from  252  to  458  K at  pressures  to  10  MPa.  J.  Chem.  Eng. 
Data.  34(3):  319;  1989. 

Clark,  A.  Q.;  Stead,  K.  (Vapour  + liquid)  phase  equilibria  of  binary,  ternary,  and  quaternary  mixtures  of 
CH4,  C2H6,  C3H8,  C4H10,  and  CO2.  J.  Chem.  Thermodyn.  20:  413-428;  1988. 

Daridon,  J.  L.;  Saint-Guirons,  FI.;  Lagourette,  B.;  Xans,  P.  Density  and  phase  behavior  of  the  ternary 
system  methane  - carbon  dioxide  - hexadecane  between  293  and  423  K and  up  to  50  MPa.  Study 
of  the  effect  of  adding  water.  Ber.  Bunsen-Ges.  Phys.  Chem.  97(2):  246-251;  1993. 

Freitag,  N.  P.;  Robinson,  D.  B.  Equilibrium  phase  properties  of  the  hydrogen-methane-carbon  dioxide, 
hydrogen-carbon  dioxide-n-pentane  and  hydrogen-n-pentane  systems.  Fluid  Phase  Equilib. 
31(2):  183-201;  1986. 


10 


Goodwin,  A.  R.  H.;  Moldover,  M.  R.  Phase  border  and  density  determinations  in  the  critical 
region  of  (carbon  dioxide  + ethane)  determined  from  dielectric  permittivity 
measurements.  J.  Chem  Thermodyn.  29(12);  1481-1494;  1997. 

Hudziak,  J.  A.;  Kahvand,  H.;  Yassale,  M.;  Leipziger,  S.  Dew  point  measurements  for  nitrogen-propane 
and  nitrogen-butane  mixtures.  J.  Chem.  Eng.  Data  29:  296-301;  1984. 


Jin,  Z.-Li;  Liu,  K-Y.;  Sheng,  W.-W.  Vapor-liquid  equilibrium  in  binary  and  ternary  mixtures  of  nitrogen, 
argon  and  methane.  J.  Chem.  Eng.  Data.  38:  353-355;  1993. 


Kohn,  J.  D.;  Luks,  K.  D.  Liquid-Liquid-Vapor  Equilibria  in  Cryogenic  LNG  Mixtures.  RR-49.  Tulsa: 
Gas  Processors  Association;  1981. 

Kremer,  H.  Experimentelle  untersuchung  und  berechnung  von  hochdruck-flussigkeits-dampf  und 
flussigkeits-flussigkeits-dampf-gleichgewichten  fur  tiefsiedende  gemische.  Ph.D.  Dissertation, 
University  of  Berlin;  1982. 


Kremer,  H.;  Knapp,  H.  Vapor-liquid  equilibria  in  ternary  mixtures  of  H2,  N2,  CO  and  CfL.  Fluid  Phase 
Equilib.  11:  289-310;  1983. 


Lhotak,  V.;  Wichterle,  1.  Vapour-liquid  equilibria  in  the  ethane-n-butane  system  at  high  pressures.  Fluid 
Phase  Equilib.  6(3):  229-235;  1981. 

Llave,  F.  M.;  Luks,  K.  D.;  Kohn,  J.  P.  Three-phase  liquid-liquid-vapor  equilibria  in  the  binary  systems 
nitrogen  + ethane  and  nitrogen  + propane.  J.  Chem.  Eng.  Data  30(4):  435-438;  1985. 

Llave,  F.  M.;  Luks,  K.  D.;  Kohn,  J.  P.  Three-phase  liquid-liquid-vapor  equilibria  in  the 
nitrogen-methane-ethane  and  nitrogen-methane-propane  systems.  J.  Chem.  Eng.  Data  32(1):  14- 
17;  1987. 

Malewski,  M.  K.  F.;  Sandler,  S.  1.  Fhgh-pressure  vapor-liquid  equilibria  of  the  binary  mixtures  nitrogen  + 
n-butane  and  argon  + n-butane.  J.  Chem.  Eng.  Data  34:  424-426;  1989. 

Merrill,  R.  C.,  Jr.;  Luks,  K.  D.;  Kohn,  J.  P.  Three-phase  liquid-liquid-vapor  equilibria  in  the  methane  + 
n-pentane  + n-octane,  methane  + n-hexane  + n-octane,  and  methane  + n-hexane  + carbon  dioxide 
systems.  J.  Chem.  Eng.  Data  28(2);  210-215;  1983. 

Merrill,  R.  C.,  Jr.;  Luks,  K.  D.;  Kohn,  J.  P.  Three-phase  liquid-liquid-vapor  equilibria  in  the  methane  + 
n-hexane  + nitrogen  and  methane  + n-pentane  + nitrogen  systems.  J.  Chem.  Eng.  Data  29(3): 
272-276;  1984. 

Merrill,  R.  C.,  Jr.;  Luks,  K.  D.;  Kohn,  J.  P.  Three-phase  liquid-liquid-vapor  equilibria  in  the  methane  + 
n-butane  + nitrogen  system.  Adv.  Cryo.  Eng.  29:  949-955;  1984. 

Nagarajan,  N.;  Gasem,  K.  A.  M.;  Robinson,  R.  L.,  Jr.  Equilibrium  phase  compositions,  phase  densities, 
and  interfacial  tensions  for  carbon  dioxide  + hydrocarbon  systems.  6.  Carbon  dioxide  + n-butane 
+ n-  decane.  J.  Chem.  Eng.  Data  35(3);  228-31;  1990. 


11 


Niesen,  V.  G.  (Vapor  + liquid)  equilibria  and  coexisting  densities  of  (carbon  dioxide  + n-butane)  at  3 1 1 
to  395  K.  J.  Chem.  Thermodyn.  21(9):  915-923;  1989. 

Niesen,  V.  G.;  Rainwater,  J.  C.  Critical  locus,  (vapor  + liquid)  equilibria,  and  coexisting  densities  of 
(carbon  dioxide  + propane)  at  temperatures  from  31 1 K to  361  K.  J.  Chem.  Thermodyn.  22(8): 
777-795;  1990. 

Pan,  H.-Q.;  Yang,  T.;  Guo,  T.-M.  Measurement  and  prediction  of  the  bubble/dew  point  locus  in  the 
near-critical  region  and  of  the  compressed  fluid  densities  of  the  methane-carbon  dioxide-n-butane 
ternary  system.  Fluid  Phase  Equilib.  105(2):  259-271;  1995. 

Parikh,  J.  S.;  Bukacek,  R.  F.;  Graham,  L.;  Leipziger,  S.  Dew  and  bubble  point  measurements  for  a 
methane-ethane-propane  mixture.  J.  Chem.  Eng.  Data  29:  301-303;  1984. 

Pozo  de  Fernandez,  M.  E.;  Zollweg,  J.  A.;  Streett,  W.  B.  Vapor-liquid  equilibrium  in  the  binary  system 
carbon  dioxide  + n-butane.  J.Chem.  Eng.  Data.  34(3):  324;  1989. 

Reiff,  W.  E.;  Peters-Gerth,  P.;  Lucas,  K.  A static  equilibrium  apparatus  for  (vapour+liquid)  equilibrium 
measurements  at  high  temperatures  and  pressures.  Results  for  (methane+n-pentane).  J.  Chem. 
Thermodyn.  19:  467-477;  1987. 

Shibata,  S.  K.;  Sandler,  S.  I.  High-pressure  vapor-liquid  equilibria  involving  mixtures  of  nitrogen,  carbon 
dioxide  and  n-butane.  J.  Chem.  Eng.  Data  34(3):  291;  1989. 

Trappehl,  G.;  Knapp,  H.  Vapour-liquid  equilibria  in  the  ternary  mixtures  N2-CH4-C3H8  and  CH4-C2H6- 
C3H8.  Cryogenics  28(6):  398-405;  1988. 

Weber,  L.  A.  Simple  apparatus  for  vapor-liquid  equilibrium  measurements  with  data  for  the  binary 
systems  of  carbon  dioxide  with  n-butane  and  isobutane.  J.  Chem.  Eng.  Data  34:  171-175;  1989. 


12 


2.2  VOLUMETRIC  PROPERTIES 


13 


VOLUMETRIC  PROPERTIES 
BINARY  SYSTEMS 


a 

u 

z: 

pj 

oi 

w 

b 

UJ 

os! 


13 

c 

ca 


oo 

oo 

a^ 


c3  _ 

c 

3 — 

o OO 
<3  03 

K pa 


03 

*=* 

c o 

3 i/i 

^ o 

a:  K 


(U 

00 

00 

3 


(/3 

<L> 
00 
_ o 
pa  p:! 


o 
. E 

S-.  c 

(U  C 

n.  3 

c/) 

00 

3 


3 


B 

I ^ ^ 


Ov 

oo 


_c 

'5 

pa 

-a 

c 

« 

(A 

<u 

c 

3 _ 

X oT 
^ oo 
On 

U O 


!U 

Cfl 

o 

^ <3^ 

O On 

'5  ' — ' 

b.  ^ 
(1>  ^ 
Cl  "O 
c/5  C 


-Si 

Q 


"O 

c 

CO 


>N  O 

i-  On 


00  C- 


3 

U 

o 

s 

T3 

C 

03 


c/5 

<1> 

C oo 

^ ON 

CZ  f-^ 

n:  ^ 


z 

o 

p 

u 


UJ 

o 
Z 
< 
a! 

Z 

o 

P Ph 
00  pj 

O -P 

CLh  O 

u 


r^i 

fN 

rg 

O 

o 

O 

rs 

fNl 

u 

u 

u 

Z 

z 

If 

o 

oo 

oo 

r" 

ON 

r-- 

NO 

NO 

o 

O 

rs 

o 

rs 

o 

o 

d 

d 

o 

-4— » 

O 

u 

u 

o 

o 

4-* 

o 

T-* 

oo 

cri 

ON 

ON 

(N 

— • 

ON 

(N 

(N 

(N 

O 

o 

o 

O 

d 

d 

d 

E 

a> 

C/l 

>. 

IZl 


-D 


CO 

3 

T3 

IZl 

O 

C 

<u 

Q. 

O 

k- 

O- 


o 


D 

E 

_3 

"o 

> 

<+- 

o 


C 

O 

n. 


o 

c/1 

<U 


Q 


(N 

— 

X3 

03 

H 


cZ 

NO 

oo 

NO 

PP  0., 

d 

00 

tri 

D . 



m 

Nri 

m 

NO 

(N 

o 

o 

O 

O 

oo  PJ 

C/D  rn 

PJ  ^ 

O 

•4—* 

+-► 

O 

ON 

o 

•4—* 

ON 

o 

ON 

CM 

o 

NO 

o 

d 

(N 

o 

d 

CO 

oo 

o 

o 

o 

O 

If 

(N 

m 

rj 

o 

(N 

S o 

m 

m 

rn 

<N 

o 

o 

O 

o 

rN 

O 

b-* 

b-* 

O 

■4— > 

cu  Z 

o 

o 

ON 

rn 

■4—* 

o 

CM 

o 

in 

O 

On 

CN 

CT) 

m 

m 

CnI 

(N 

(N 

OO 

1— • 

PJ 

H 

on 

Ds!  H 

PP  z 

pa  g 

NO 

NO 

ON 

«N 

oo 

s2 

>n 

CnI 

ON 

< 

in 

If 

r-* 

00 

^ o 

3 

3 

3 

3 

(U 

(U 

O 

s 

OJ 

00 

00 

00 

00 

00 

o 

o 

o 

o 

o 

>_ 

b. 

b. 

b. 

b. 

Z 

Z 

Z 

iz 

Z 

(U 

c 

<1> 

c 

0) 

0) 

a> 

i 

1) 

cd 

cd 

rs 

■o 

■g 

-o 

•o 

JC 

s 

'x 

■>< 

’>< 

oS 

o 

pp 

o 

o 

o 

o 

o 

s 

H 

C/D 

Q 

Q 

Q 

Q 

Q 

1 

3 

1 

c 

3 

O 

3 

O 

3 

O 

3 

O 

3 

O 

a> 

00 

a> 

00 

C/!5 

JD 

X) 

X 

X 

X 

o 

o 

i- 

Un 

b> 

b. 

b. 

4— • 

3 

cd 

C3 

3 

C3 

• — 

U 

u 

u 

u 

U 

z 

z 

14 


Nitrogen-Methane  330  323  1.0  to  34  0.10to0.86N2  Achtermann,  Bose, 

Rogener,  and 
St-Arnaud(1986) 


VOLUMETRIC  PROPERTIES 
BINARY  SYSTEMS 


~o 

<u 


-2 

3 

H 


W 

U 

z 

Ud 

C2 

W 

tu 


U 

O 

z 

2 

Z 

g 

P 

So 

o 

cu 

o 

u 


Ud 

S z 

W Oi! 

H 


c/2 

H 

z 

o 

CU 


z 

fS 

fN 

fN 

CM 

0 

0 

Z 

Z 

z 

z 

u 

p 

vn 

0 

0 

so 

os 

0 

r-; 

os 

OS 

r- 

t"; 

< 

0 

0 

0 

d 

d 

rs 

0 

K 

0 

0 

0 

0 

0 

'W' 

U 

tu 

b.* 

0 

0 

0 

0 

Os 

00 

Ud 

m 

(M 

■ — ' 

(N 

CN 

os 

bd 

0 

0 

0 

d 

0 

d 

d 

0 

OS 

00 

Z 

00 

OS 

c 

oT 

0 

X 

00 

3 

I 

(U 

00 

;o 

<u 

00 

00 

bC 

c/2 

> 

3 

C/D 

3 

CQ 

■a 

ba 

CQ 

s 

c 

CK! 

(U 

N 

c 


T3 

C 

ca 

<u 


00 

VO 

Os 


(U 

o 


-a 

c 


(U 

1/2 


t: 

(U 

1> 


rn 


o 

Ov 


oo 

oo 


(U 

a> 

D 

0^ 

c 

C 

c 

0) 

CQ 

CQ 

CQ 

CQ 

JS 

•£ 

c 

CQ 

■£ 

s 

QS 

a> 

q3 

"S 

dd 

H 

00 

s 

3 

S 

s 

A 

c 

c 

c 

CU 

a> 

(U 

0 

00 

W) 

00 

00 

CiO 

c/2 

0 

0 

0 

0 

0 

t-. 

u 

b. 

u 

4-* 

•4-* 

V—* 

•4—* 

Z 

z 

z 

Z 

z 

<D 

T3 

■>< 

O 

C 

o 

e 

o 

X2 

ui 

c3 

u 


oo 

oo 

OS 


0 

3 

3 

o"' 

0 

SO 

OS 

««/ 

CQ 

3" 

-0 

c 

os 

OS 

(Z> 

<D 

"O 

c/2 

T3 

3 

>s 

Pd 

DQ 

no 

c 

3 

— 

CQ 

Os 

b« 

3 

3 

£ 

cQ 

uT 

(U 

"O 

3 

3 

3 

0 

3 

cU 

T3 

3 

3 

3 

3 

c 

3 

0 

3 

H) 

Os 

N 

+-* 

SO 

OS 

n" 

3 

T3 

jC 

0) 

QJ) 

c 

< 

-o 

0 

Oh 

OO 

0/ 

00 

os 

CU 

Os 

(U 

0 

0 

0 

— 

CQ 

3 

On 

3 

0 

C/2 

3 

c/2 

CQ 

< 

Oi 

U 

Q 

0 

S 

so 

0 

00 

0 

0 

00 

OO 

(N 

0 

0 

(N 

(N 

0 

0 

0 

m 

•4— » 

■*“* 

0 

0 

•*-> 

0 

0 

(N 

(N 

*-* 

0 

■4—* 

CN 

rn 

Cl 

0. 

rs 

0- 

0 

d 

D 

D 

d 

D 

<N 

0 

m 

0 

0 

0 

r-- 

(N 

0 

m 

m 

iO 

0 

0 

0 

0 

0 

0 

b-* 

0 

0 

r<i 

m 

0 

VO 

so 

00 

f" 

(N 

r- 

1—1 

(N 

(N 

(N 

so 

m 

(N 

(N 

os 


<u 

T3 

O 


c 

o 

X3 

b. 

CO 

u 


15 


Carbon  Dioxide-Methane  119  206  to  320  0.08  to  48.3  0.48  CO2  Esper,  Bailey,  Holste, 

and  Hall  (1989) 


VOLUMETRIC  PROPERTIES 
BINARY  SYSTEMS 


u 

u 

z 

UJ 

u 

pu 

w 

0!^ 


C 

(D  C 

o a,  cd 

&b  P 


rv  C 


cd 

k.  oo 
ra  o^ 


"73 

c 

ea 

5^ 

o ^ 

K 

o^ 

OJ  o^ 

ao  ^ 

03  >i 

s s 


(U 

o 

u 

c 

-2 

CQ 

■a 

c 

c3  ^ 

•s  2^ 

C/D  w 


■o 

c 

!3 

gS 

CQ  1- 

C3 

.33  13 
0)  O 
C/5  CQ 


P 

C/5  C 

.2  0 0^ 
_*'  ^ 
ao  ra  ^ 

QC  22 
c B S 

03  izi  ^ 

^ o ■? 

x a:  i 


\£) 

OO 

ON 


3 

03 

kJ 


tu 


P PP 

PO  UU 


O J 

cu  o 

O 


u 


fN 

CM 

CnI 

0 

0 

0 

0 

CM 

u 

U 

U 

u 

0 

U 

0 

0 

0 

0 

On 

ON 

On 

ON 

0 

0 

0 

0 

0 

0 

On 

0 

u 

0 

0 

0 

0 

•W 

0 

0 

0 

0 

0 

0 

4-* 

ON 

— 

— 

0 

0 

0 

d 

d 

<N 

o 


C3 
PQ  CU 

D . 

c/5  pLl 
PO  0 
PU  ^ 

CU  < 

OC 


oo 


'or 

ON 

0 

0 

rn 

0 

0 

0 

ir> 

0 

' — ' 

m 

ro 

0 

0 

0 

0 

0 

00 

+-* 

0 

00 

Q. 

Q. 

0. 

0 

— 

D 

D 

D 

PJ 

O 

z 


0 

0 

m 

0 

(N 

0 

r- 

NO 

m 

m 

/*i 

0 

0 

0 

0 

w 
•4— • 

0 

0 

0 

m 

<0 

0 

NCl 

C" 

r4 

CM 

CM 

CM 

X 

CM 

c/5 

H 

5 

o 

cu 

Pu 

o 


(U 

c 

03 


•a 

<u 

3 

C 


(N 

_o 

3 

3 

H 


S 

PQ 

H 

c/5 

>• 

(/5 


(U 

S 

t 

o 

-o 

o 

Q 

c 

o 

X) 

Ui 

3 

U 


OO 

o 


oo 

On  <N 

— CM 


r~i 

CM 


<u 

D 

<u 

0 

3 

3 

3 

3 

3 

3 

3 

3 

X 

X 

X 

O 

0 

0 

0 

s 

s 

s 

S 

<u 

<U 

<u 

a> 

_-g 

■0 

•0 

-a 

■>< 

■>< 

0 

0 

0 

0 

Q 

Q 

Q 

Q 

3 

3 

3 

3 

0 

0 

0 

0 

X 

X 

X 

X 

k- 

k. 

k. 

k. 

3 

3 

3 

3 

U 

U 

u 

u 

u 

3 

3 


PU 

I 

(U 

-g 

o 

Q 


c 

o 

X 

cd 

U 


16 


Carbon  Dioxide-Ethane  255  300  to  320  0.03  to  6.83  0.10  to  0.90  CO2  Lemming  (1989) 
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Carbon  Dioxide-n-Butane-n-Decane  30  344  Up  to  12  Nagarajan,  Gasem,  and 

Robinson  (1990) 
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AQUEOUS  SYSTEMS 
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Table  4.  Description  of  viscosity  data  by  system. 
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